Abstract: Laser shock peening of titanium alloys has been widely applied in the aerospace industry. However, little is known of the nanocrystalline formation characteristics and mechanisms. In this investigation, a nanocrystalline layer was formed in the duplex Ti-6Al-4V titanium alloy surface region by means of multiple pulsed laser shock peening (LSP). The phase transition and residual stress characteristics of LSP samples were analyzed with X-ray diffraction (XRD) and scanning electron microscopy (SEM). Transmission electron microscopy (TEM) was used to characterize the microstructure and morphologies. As the number of laser pulses increased for each location, higher grain refinement was observed. Micro-hardness testing showed that hardness increased with the number of pulses delivered to each location due to the formation of nanocrystalline layers and high dislocation density in the samples, and a gradient variation of the micro-hardness was obtained. In addition, mechanical twins and different dislocation configurations were formed in the α phase region while only dense dislocation tangles were observed in the β phase region after multiple laser pulse impacts.
Introduction
Titanium alloys have extensive applications in the aerospace and medical industries because of their low density, high strength, and excellent corrosion resistance. However, these alloys always suffer from fatigue loadings in services, and the maximum tensile stress typically locates at the surfaces of the components, which leads to the initiation of the fatigue cracking and early failure. Nanocrystalline metals show excellent mechanical properties, good tribological properties, enhanced electrical resistivity, higher thermal expansion coefficient, and higher heat capacity compared with conventional coarse-grained metals [1] [2] [3] . Surface nanocrystallization [4, 5] produced by severe plastic deformation (SPD) is the most effective and promising method to induce a nanocrystalline layer in bulk metallic materials and provides a practical approach to improving surface and overall properties of metallic materials. Li et al. [6] fabricated a nanostructured layer with grain sizes in the range of 10-19 nm in the top surface layer of a Ti-6Al-4V alloy by using fast multiple rotation rolling (FMRR) on the surface. Tian et al. [7] performed supersonic Fine Particle Bombarding (SFPB) on a Ti-6Al-4V alloy to form surface structures. They found that the nano-grained surface exhibited a thick nitrogen diffusion layer and high hardness under the same nitriding process. By means of shot peening [8] , a gradient nanocrystalline structure with the grain size ranging from the nanometer scale to the micrometer scale was obtained in the bulk coarse-grained TC4 alloy. Bagherifard et al. [9, 10] used severe shot peening (SSP) to process 316L stainless steel. Their results indicated that SSP transformed the austenite phase into a strain-induced α -martensite in a layered deformation band structure and induced near surface grain refinement to the nano and sub-micron range.
Laser shock peening (LSP) (also called laser peening) is a typical surface treatment method used to extend the fatigue life and improve the mechanical properties of metallic alloys [11] [12] [13] . During LSP, metal surfaces experience severe deformation due to the ultra-high strain rate (>10 6 s −1 ) induced by high-pressure shock waves (on the order of GPa level) and ultra-short pulses (10-30 ns) [14, 15] . The investigations on surface nanocrystallization using LSP have attracted wide research interest. Cheng et al. [16] investigated the surface nanocrystallization of a NiTi intermetallic alloy via LSP and found that both strength and ductility are significantly improved through LSP and controlled annealing. A study on the surface nanocrystallization of a TC6 titanium alloy and AISI 304 stainless steel via LSP was conducted by He et al. [17] . They discussed the surface nanocrystallization mechanisms of the two metallic alloys and the effects of different stacking fault energies on surface nanocrystallization. Zhou et al. [18] investigated the surface nanocrystallization and deformation-induced martensite in AISI 304 stainless steel subjected to multiple LSPs. They found that the grain refinement mainly resulted from multidirectional mechanical twins and multidirectional martensite bands during multiple LSP. Our previous work [19] concentrated on the LSP-induced surface nanocrystallization of an AZ91D magnesium alloy and found that surface nanocrystallization was the result of dislocation glide and mechanical twining. However, the investigations of the LSP-induced surface nanocrystallization of the duplex Ti-6Al-4V titanium alloy have been barely reported. The microstructure characteristics of different phases in the duplex Ti-6Al-4V alloy are of importance in understanding the grain refinement and surface nanocrystallization mechanism during LSP. In addition, the effect of LSP parameters on surface nanocrystallization and microstructure evolution in different phases at the subsurface is still unknown.
In this paper, a nanocrystalline layer on the surface of a bulk coarse-grained Ti-6Al-4V titanium alloy was formed via multiple LSP treatments. A systematic investigation on the grain refinement of the LSP-treated Ti-6Al-4V alloy was carried out via X-ray diffraction (XRD), scanning electron microscopy (SEM), and transmission electron microscopy (TEM) analysis. Micro-hardness measurements of the untreated and LSP-treated specimens were carried out, and the reasons for hardness and residual stress improvement are explained. In particular, the microstructure characteristics of different phases in laser peened duplex Ti-6Al-4V alloy are discussed.
Material and Experimental Procedure
The nominal chemical composition of the as-received duplex Ti-6Al-4V alloy is shown in Table 1 . The Ti-6Al-4V alloy specimens were cut into the dimension of 26 mm × 20 mm× 4 mm (width × length × thickness). All samples were annealed at 760 • C for 2 h and cooled in the air to room temperature before LSP to remove any mechanical machining-induced residual stresses. The samples were ground with silicon carbide paper to grade 1000 and then cleaned in anhydrous alcohol. During laser shock peening, shock waves were induced by a Q-switched Nd:YAG laser system (Thales Laser Ltd., Elancourt, France) operated with a wavelength of 1064 nm and a 10 ns pulse width. The pulse energy used in this experiment was 7.9 J. The laser spot diameter was adjusted to 3 mm on the target surface. An aluminum tape with a thickness of 0.12 mm was used as the absorption layer. The confinement layer to enhance the laser-induced shock wave was running water with a thickness of 3 mm. The detailed parameters of the laser shock experiment are shown in Table 2 , and Figure 1 shows the schematic of LSP process. 
Phase Analysis Using XRD
Phase analysis of the Ti-6Al-4V alloy before and after LSP was carried out on a D8 ADVANCE X-ray diffraction (XRD) instrument (Bruker Ltd., Bremen, Germany) with Cu Kα radiation. The diffraction data were collected over a 2θ range of 5°-100°, and the scan speed was 4°/min.
Measurements of Residual Stress and Micro-Hardness
The depth profiles of the residual stress induced by LSP were measured using XRD with a sin 2 ψ method. The electro-polishing material removal method was used to measure residual stress along the depth and avoid the influence of external stress induced by peeling off material on compressive residual stress. Electro-polishing was performed in a solution of 3.5% saturated sodium chloride solution, and material removal was controlled by the applied voltage and time. The area surrounding the polished region was masked to maintain uniformity and consistency during the material removal. The micro-hardness was measured on the cross sections of the specimens using an HXD-1000TMSC/LCD Micro-hardness tester (Shanghai Optical Instrument Factory, Shanghai, China). The cross sections of the specimens for micro-hardness measurements were prepared via wire-EDM (electro-discharge machining) cutting, and the samples were then subjected to several steps of grinding and polishing. A load of 1.96 N was applied to the micro-hardness measurements with a loading time of 10 s. Micro-hardness results were obtained by taking the average value of 10 different hardness measurements for each sample.
Microstructure Observations
The microstructures of the original sample were examined via SEM (JEOL Ltd., Tokyo, Japan). Before the SEM, the polished samples were etched using a chemical reagent of 90 mL of H2O, 8 mL of HNO3, and 2 mL of HF for 25 s at room temperature. The microstructure evolutions and phases were characterized by a JEM-2100 transmission electron microscope (TEM, JEM-2100, JEOL USA Inc., Pleasanton, CA, USA) operated at a voltage of 200 kV. 
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Results and Discussion

The Microstructure Prior to LSP
The SEM observation of the duplex Ti-6Al-4V alloy prior to LSP is shown in Figure 2a . The annealed Ti-6Al-4V alloy has a coarse duplex microstructure comprising a primary α phase surrounded by a β phase flake [11, 12] , as confirmed by the XRD pattern at the upper right corner of Figure 2a . Meanwhile, the primary α phase is mainly featured by its equiaxed morphology. In Figure 2b , the typical bright field (BF) TEM image of the original sample indicates that there are no obvious defects in the primary α and β phases. As shown in Figure 2b , few dislocation lines are observed in the coarse-grained Ti-6Al-4V alloy at the annealed condition. 
Results and Discussion
The Microstructure Prior to LSP
XRD Diffraction Phase Analysis
Figure 3a presents the XRD patterns with different LSP impacts. As shown in Figure 3a , there is no additional peak after different LSP impacts, which indicates that no phase transformation occurred and no new crystalline phase was generated, and the main phases are still α and β after laser peening. The severe plastic deformation induced by LSP could result in the increase of microstrain and dislocation density in the material surface, which further contributed to grain refinement. As revealed in the XRD patterns, a dramatic broadening of Bragg diffraction peaks occurred at a different number of impacts, which contributed from grain refinement and the presence of high-level microstrain [20, 21] .
The Scherrer-Wilson method [22] was used to estimate the average grain sizes and microstrain by analyzing diffraction peaks using the Scherrer-Wilson equation:
where FW is the broadening of diffraction peaks, K is the shape factor of the lattice constant (1.89), λ is the wavelength of the X-ray radiation (λ = 0.1542 nm), d is the average grain size, ε is the microstrain, and θ is the Bragg angle. As shown in Figure 3b , micro-strain rises, while the grain size decreases with the increase in the number of laser impacts. The grain size reached a sub-micron level when the number of laser pulse impacts exceeds 3. The main reason is that the ultra-high strain rate deformation induced by LSP generates high-density dislocations; moreover, as plastic deformation intensifies, the annihilation and recombination of dislocations lead to the transformation from dislocation walls to grain boundaries, which separates individual grains in the shocked surface. In the next section, more microstructure observations are presented based on transmission electron microscopic analysis to more clearly indicate the microstructure changes near the LSP surface. 
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Nanocrystallization by Multiple LSPs
Microstructure Characteristics
α and β phases with different atomic arrangements co-exist in the Ti-6Al-4V, and these two phases exhibit different microstructure characteristics during LSP. In Figure 5 , TEM images at a depth of about 15-20 µm from the shocked surfaces with different numbers of impacts are presented to understand the microstructure characteristics. Under a single impact, a high density of dislocation tangles was observed in the β phase, while relatively low density was observed in the α phase, as shown in Figure 5a . The β phase with a body-centered cubic (bcc) crystal structure has high stacking fault energy and more slip systems, so dislocation multiplication is easily achieved in this phase. The dislocations in the α phase exhibit regular configuration with distinguishable dislocation lines. Moreover, dislocation walls were formed in the α phase after the single impact, which would further develop toward the sub-grain boundary as plastic deformation intensifies. In Figure 5b , dislocation density in the β phase kept increasing, and some mechanical twins appeared in the α phase after three impacts. The α phase of the Ti-6Al-4V alloy has a hexagonal close-packed (hcp) crystal structure, and only four independent slip systems are available in the α phase. According to the Von-Mises rule, five independent slip systems are necessary to maintain plastic deformation compatibility [24] [25] [26] . Therefore, hcp metals usually need other deformations, such as twinning, to accommodate the plastic deformation. Detailed TEM observations in Figure 5c show that high-density twin lamellas with a thickness of several nanometers were formed after five impacts with the laser energy of 7.9 J in the α phase. Furthermore, dense dislocations gathered in the twin boundaries and divided the twins into finer blocks by the twin and dislocation intersections. In Figure 5d , the sub-grain boundaries formed in the α phase after 10 impacts and divided the coarse grains into sub-grains with sizes of 200-300 nm. However, there was still a high density of dislocations inside the sub-grains. The movement of these dislocations were impeded by the phase and grain boundaries, and piled up near these boundaries. 
α and β phases with different atomic arrangements co-exist in the Ti-6Al-4V, and these two phases exhibit different microstructure characteristics during LSP. In Figure 5 , TEM images at a depth of about 15-20 μm from the shocked surfaces with different numbers of impacts are presented to understand the microstructure characteristics. Under a single impact, a high density of dislocation tangles was observed in the β phase, while relatively low density was observed in the α phase, as shown in Figure 5a . The β phase with a body-centered cubic (bcc) crystal structure has high stacking fault energy and more slip systems, so dislocation multiplication is easily achieved in this phase. The dislocations in the α phase exhibit regular configuration with distinguishable dislocation lines. Moreover, dislocation walls were formed in the α phase after the single impact, which would further develop toward the sub-grain boundary as plastic deformation intensifies. In Figure 5b , dislocation density in the β phase kept increasing, and some mechanical twins appeared in the α phase after three impacts. The α phase of the Ti-6Al-4V alloy has a hexagonal close-packed (hcp) crystal structure, and only four independent slip systems are available in the α phase. According to the Von-Mises rule, five independent slip systems are necessary to maintain plastic deformation compatibility [24] [25] [26] . Therefore, hcp metals usually need other deformations, such as twinning, to accommodate the plastic deformation. Detailed TEM observations in Figure 5c show that high-density twin lamellas with a thickness of several nanometers were formed after five impacts with the laser energy of 7.9 J in the α phase. Furthermore, dense dislocations gathered in the twin boundaries and divided the twins into finer blocks by the twin and dislocation intersections. In Figure 5d , the sub-grain boundaries formed in the α phase after 10 impacts and divided the coarse grains into sub-grains with sizes of 200-300 nm. However, there was still a high density of dislocations inside the sub-grains. The movement of these dislocations were impeded by the phase and grain boundaries, and piled up near these boundaries. It is commonly accepted that grain refinement induced by multiple LSP is mainly ascribed to dislocation evolution [18, 19, 27] . The dislocation evolution involves the development of dislocation lines in the coarse grains, the formation of dislocation tangles and walls due to the dislocation pile up and the transformation of dislocation walls into sub-grain boundaries. The process could be verified by the TEM images. Parallel dislocation lines form after single LSP, and few of them develop into dislocation walls. However, twinning is observed in the α phase after multiple LSP. The interaction between dislocations and twins promote further grain refinement. Twin lamellas divide coarse grains in early deformation, and dislocations subdivide the twins into finer blocks. As the number of impacts increases, dislocation multiplication and movement dominate later refinement.
Residual Stress and Micro-Hardness Distributions
Material surfaces experienced ultra-high strain rate plastic deformation during LSP, and the severe plastic deformation leads to strain hardening in the treated material, which improves the hardness and residual stresses [27, 28] . Figure 6 shows the profiles of the residual stress and micro-hardness on the section with different LSP impacts. As Figure 6 reveals, both compressive residual stress and micro-hardness increased with the number of LSP impacts. For a single impact, the maximum compressive residual stress in the shocked surface was 423 MPa, which grew to 578 and 628 MPa as the number of LSP impacts increased to 5 and 10, respectively, as presented in Figure 6a . The results also indicate that increasing the number of LSP impacts cannot infinitely improve the compressive residual stress at the shocked surface. Moreover, the affected layer, beyond which residual tensile stress will replace compressive stress, was effectively deepened by multiple LSPs. The introduction of the compressive residual stress was the result of dense dislocation structures induced by the LSP as observed in TEM graphs. The surface micro-hardness increased from 331 HV to 415 HV with a single LSP impact, improved by approximately 20%. However, the micro-hardness was just 439 HV with 10 LSP impacts, which indicates that increasing the number of LSP impacts has little improvement on the surface hardness. The hardness improvement is mainly ascribed to the high dislocation density and grain refinement induced by LSP. According the dislocation reinforcement theory, high-density dislocations prevent the generation and movement of other dislocations during plastic deformation; thus, micro-hardness is improved. The Hall-Petch theory [29] illustrates that the yield stress σ s is linear with d −1/2 :
where σ 0 is material constant, k is the slope of Hall-Petch relation curve, and d is the average grain size. The strength and hardness are both improved with grain refinement. The grain size cannot be further refined with 5 or 10 LSP impacts according to the TEM observations, so the improved amplitude of hardness is limited. The hardness decreases with depth, and there is a severe hardening layer about 400 µm along the section after a single impact. The micro-hardness decreased sharply in the shallow layer due to ultra-refined grains in the severe hardening layer. In deep layer, the gradually decreasing hardness is attributed to dislocations, which are caused by the low amplitude pressure of attenuated shock wave. Although increasing LSP impact numbers cannot obviously improve the surface hardness, the affected depth of hardness can be effectively increased. The affected depth of hardness increases from 400 µm for 1 LSP impact to 800 µm for 10 impacts. The increase of the effecting layer depth is ascribed to more time and energy for dislocation and other crystal defect reaction in depth provided by multiple LSP. The LSP-induced deep work hardened surface layer with high compressive residual stresses extends the fatigue life of the material under cyclic loading by inhibiting both fatigue crack initiation and propagation rates. 
Conclusions
In this paper, LSP was performed on the Ti-6Al-4V titanium alloy samples with different numbers of impacts. The following conclusions can be drawn from this work:
(1) There is no distinguishable phase transition after multiple LSP through analyzing the surface XRD patterns. The peak broadening indicates dislocation multiplication and grain refinement induced by LSP. (2) Nano-grains with diameters of 80-100 nm were formed in the shocked surface after five impacts. The increase of laser pulse impacts has little effect on further grain refinement. However, a higher number of impacts would make the distribution of nano-grains more homogeneous. Regular dislocation lines in the α phase and dense dislocation tangles in the β phase are observed in the subsurface after a single laser impact. After five impacts, mechanical twins are formed in the α phase. The interaction between twins and dislocations become notable. (3) The micro-hardness and residual stresses exhibit a gradient distribution in the depth direction, and increase with the number of laser pulse impacts due to high dislocation density and grain refinement induced by LSP. The improvements of residual stress and hardness are limited for multiple LSPs, while the number of laser pulse impacts could efficiently deepen the affected layer. 
